Objective. We evaluated the extent to which children and adolescents were not vaccinated against measles ("unvaccinated"), clustering within U.S. counties, and factors associated with unvaccination, including parents' vaccinerelated beliefs and missed opportunities.
In 2000, the Centers for Disease Control and Prevention (CDC) declared measles to be eliminated in the United States, 1 an accomplishment achieved because of the high levels of population immunity resulting from high measles vaccination coverage levels across the United States. 2 Despite the elimination of endemic measles in the United States, sporadic outbreaks have continued as a consequence of importations from countries where measles is endemic. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] High national and state measles vaccination coverage rates may mask considerable variability in vaccination rates at the county or community level. 18 Geographic clustering of susceptible children and adolescents increases the risk of outbreaks and could lead to reestablishment of endemic measles transmission. 19 In this article, we evaluate the extent to which children and adolescents who are unvaccinated against measles cluster within U.S. counties. Also, although the popular media 20, 21 and scientific literature [22] [23] [24] [25] [26] [27] have reported an association between lower vaccination coverage and negative vaccine-related parental beliefs, some literature suggests that under-immunization may result primarily from missed opportunities to vaccinate rather than from negative vaccine-related beliefs. 28 We assessed the associations among not being vaccinated against measles, parents' vaccine-related beliefs, and missed opportunities, and evaluated the extent to which not being vaccinated against measles is attributable to factors other than negative vaccine-related beliefs.
METHODS
Our analyses used the most recent data from the National Immunization Survey (NIS) 29 and NIS-Teen 30 to address our scientific objectives that provide statistically reliable estimates. The target populations of the two surveys were 19-to 35-month-old children (hereinafter referred to as children) (NIS) and 13-to 17-yearold adolescents (hereinafter referred to as adolescents) (NIS-Teen). Both surveys included a random-digit-dial survey of households with landline telephone numbers; in 2011-2013, both surveys included a random-digitdial survey of cell phone numbers. We analyzed data from sampled children and adolescents who had adequate provider-reported vaccination histories to assess their vaccination status. We defined children and adolescents as being unvaccinated if their providers reported that no doses of measles-containing vaccine were administered. For this article, children not vaccinated against measles were deemed and defined as having a missed opportunity to be vaccinated against measles if, after 12 months of age (when eligibility for the recommendation for routine administration of the measles vaccine begins), vaccination provider records confirmed that they were administered doses of other recommended childhood vaccines but remained unvaccinated against measles. Detailed descriptions of the NIS and NIS-Teen have been published elsewhere. [31] [32] [33] [34] [35] [36] [37] [38] The national number and percentage of unvaccinated children and adolescents were estimated using data from 13,611 children sampled by the 2013 NIS and 18,264 adolescents sampled by the 2013 NIS-Teen. To obtain statistically reliable county-level estimates of the percentage and number of children and adolescents not vaccinated against measles, we used three consecutive years of NIS and NIS-Teen data, required the sample sizes for counties to be $35 for the three years combined, and used James-Stein statistical estimation methodology. 39 Because of reduced national sample sizes for both the 2013 NIS and NIS-Teen, countylevel sample sizes for that survey year were smaller than for previous years, resulting in fewer counties achieving the sample size requirement. Among counties that achieved the sample size requirement, many county-level estimates had low precision. Because of that imprecision, we used data from 31,176 children and 38,749 adolescents sampled from the 2010-2012 NIS and NIS-Teen, respectively, to obtain county-level estimates.
Vaccine-related parental beliefs were collected in the 2011 NIS and the 2010 NIS-Teen and organized using the Health Belief Model. 22, 40 Multivariable recursive partitioning (i.e., a multivariable statistical method that creates a decision tree that attempts to classify members of the population based on several independent variables) analyses 41, 42 were used (1) to identify independent predictors of being unvaccinated against measles, (2) to segment the populations of children and adolescents into groups characterized by increasing risk of not being vaccinated against measles, and (3) to derive the percentages of children and adolescents who were unvaccinated against measles that could be attributed 43 to reasons other than parents' negative vaccine-related beliefs. All analyses accounted for the surveys' sampling weights and sampling design. 44 Estimated percentages and numbers are reported along with their 95% confidence intervals (CIs). Differences between estimates were statistically significant at p,0.05. Bivariable analyses found that compared with vaccinated children, unvaccinated children were significantly more likely to lack health insurance coverage and to have other statistically significant differences with respect to maternal and household characteristics that are generally associated with lower socioeconomic status (Table 2) . Also, unvaccinated children were found to have parents with significantly lower assessments of (1) their child's risk of getting a vaccine-preventable disease (VPD), (2) VPDs as a concern that makes vaccinations relevant, and (3) vaccines' efficacy to reduce the threat of a VPD. Compared with parents of vaccinated children, parents of unvaccinated children were also significantly less likely to report that their decision to vaccinate their child was favorably influenced by a health-care provider (HCP) and significantly more likely to report concerns about vaccine safety (Table 3) .
Multivariable recursive partitioning analyses (Figure 1) found that none of the 19 demographic factors and only two of the 20 vaccine-related parental belief factors (Table 3) were independently associated with a child being unvaccinated against measles. Specifically, the multivariable analysis found that the independent predictors of an unvaccinated child were (1) parents' belief about the necessity of vaccines to protect the health of children and (2) among parents who believed in the necessity of vaccines, whether or not parents reported refusing vaccine dose administration for their child (Figure 1) .
The multivariable analysis segmented the U.S. population of children into three groups (Figure 1 ). Group 1 included children whose parents believe that vaccines are necessary to protect their children's health and did not report vaccine refusal. Group 2 included children whose parents believe that vaccines are nec-essary to protect their children's health and reported refusing $1 vaccine dose of any type. Group 3 included children whose parents do not believe that vaccines are necessary to protect their children's health. In the continuum from group 1 to group 3, there was (1) a statistically significant decrease in the percentages of children belonging to the groups as a percentage of the population of 19-to 35-month-old children (80.9% in group 1, to 13.6% in group 2, and to 5.5% in group 3, p,0.05) and (2) a statistically significant increase in the percentage of children unvaccinated against measles (from 6.6% in group 1, to 12.3% in group 2, and to 33.6% in group 3, p,0.05).
The percentage of children with parents who had negative vaccine-related beliefs also increased across the three groups. Compared with parents of children in group 1, parents of children in group 2 differed significantly on 10 of 20 vaccine-related belief factors. Parents of children in group 2 were significantly less likely than parents of children in group 1 to report that their child's HCP encouraged them to vaccinate their child, to have been satisfied with information received from their child's HCP about vaccines, and to think that vaccines are safe. Also, parents of children in group 2 were significantly more likely than parents of children in group 1 to believe that children receive too many vaccines, that their children may get autism if they vaccinate, that their children may have serious side effects if they vaccinate, that too many vaccines can overwhelm a child's immune system, and that vaccinations should be delayed if a child has a minor illness ( Table 4 ).
Compared with parents of children in group 1, parents of children in group 3 differed on 17 of 20 vaccine-related belief factors (Table 4 ). In addition to differing from group 1 concerning the same vaccinerelated belief factors about which group 2 differed, parents of children in group 3 were significantly less likely to believe that diseases such as measles are serious and can hurt children; that if they do not vaccinate their child, the child may get a disease such as measles; that vaccines do a good job of preventing diseases; and that medical professionals in charge of vaccinations have their child's best interest at heart. They were also less likely to report that they were given enough time with their child's doctor to discuss issues that concerned them about vaccinations and to report that they have a good relationship with their child's HCP. Also, parents of children in group 3 were significantly more likely than parents of children in group 1 to report that their decision of whether or not to vaccinate their child was influenced by a practitioner of complementary or alternative medicine ( For children in group 1, the multivariable analysis found that the independent factors associated with not being vaccinated against measles did not include negative parental beliefs measured by the NIS (Figure 1 ).
Children in group 2 were 1.9 times more likely (95% CI 1.4, 2.5) to be unvaccinated against measles than children in group 1. Additionally, children in group 2 were 5.7 percentage points (12.3% minus 6.6%) more likely to not be vaccinated against measles than children in group 1. Among children unvaccinated against measles in group 2, the percentage unvaccinated that was attributable to factors other than the negative parental belief factors associated with group 2 was 53.8% (95% CI 40.6, 71.4) (data not shown).
Children in group 3 were 5.1 times more likely (95% CI 3.8, 6.7) to be unvaccinated against measles than children in group 1 (data not shown). Also, children in group 3 were 27.0 percentage points (33.6% minus 6.6%) more likely to not be vaccinated against measles than children in group 1 (Figure 1 ). Among children unvaccinated against measles in group 3, the percentage unvaccinated that was attributable to factors other than the negative parental belief factors that were associated with group 3 was 19.7% (95% CI 14.9, 26.1) (data not shown).
Among all children unvaccinated against measles in the U.S. population, the percentage unvaccinated that was attributable to factors other than parents' negative beliefs about the necessity of vaccines or vaccine refusal was 74.6% (95% CI 71.3, 77.9). Among children who were unvaccinated against measles, the percentages across the three groups of children who had missed opportunities were 97.3% (95% CI 93. 5 Unvaccinated against measles refers to those administered no doses of measles-containing vaccine.
b Among the 210 counties for which county-level estimates were obtained, selected counties included those that were at least one of the following: (1) in the highest decile of the estimated percentage of children unvaccinated against measles, (2) in the highest decile of the estimated number of children unvaccinated against measles, (3) in the highest decile of the estimated percentage of adolescents who were unvaccinated against measles, or (4) in the highest decile of the estimated number of adolescents who were unvaccinated against measles. 62.0 (1.9)*** 8,652
60.4 (9.0) 61.9 (1.9) *Estimated percentage is significantly different from the estimated percentage in the same row among unvaccinated respondents in the selected age group, p,0.001. **Estimated percentage is significantly different from the estimated percentage in the same row among unvaccinated respondents in the selected age group, 0.001#p,0.01. ***Estimated percentage is significantly different from the estimated percentage in the same row among unvaccinated respondents in the selected age group, 0.01#p,0.05. were interpreted as agreement.
NIS
CI 5 confidence interval VPD 5 vaccine-preventable disease b Group 1 consists of children whose parents believed that vaccines are necessary to protect the health of children and did not report refusing the administration of any vaccines. c Group 2 consists of children whose parents believed that vaccines are necessary to protect the health of children and reported refusing the administration of $1 vaccine dose of any vaccine type.
d Group 3 consists of children whose parents did not believe that vaccines are necessary to protect the health of children. Parents' assessment of whether or not VPDs are a sufficient health concern to make vaccinations relevant Public Health Reports / September-October 2015 / Volume 130 *Estimated percentage is significantly different from the estimated percentage in the same row among respondents in Group 1 and in the selected age group, p,0.001. **Estimated percentage is significantly different from the estimated percentage in the same row among respondents in Group 1 and in the selected age group, 0.001#p,0.01. ***Estimated percentage is significantly different from the estimated percentage in the same row among respondents in Group 1 and in the selected age group, 0. Recursive partitioning is a multivariable statistical method that creates a decision tree that attempts to classify members of the population based on several independent variables. c For 19-to 35-month-old children, Group 1 consists of children whose parents believe that vaccines are necessary to protect the health of children and did not report refusing the administration of any vaccines. Bivariable analyses found that compared with adolescents vaccinated against measles, unvaccinated adolescents (1) were significantly more likely to be Hispanic, non-Hispanic American Indian/Alaska Native, or non-Hispanic Asian; (2) were more likely to have other statistically significant differences with respect to maternal characteristics, insurance status, and the likelihood of having a parent who reported ever refusing vaccines ( Table 2) ; but (3) were not statistically significantly different with respect to any of the 10 vaccine-related factors measured (Table 3 ).
Multivariable analyses found that among the 19 demographic and 10 vaccine-related belief factors measured on parents of adolescents, no vaccine-related parental belief factors and only two demographic factors (i.e., race/ethnicity and household income) were independently associated with vaccination of adolescents ( Figure 2 ). In particular, compared with non-Hispanic white, American Indian/Alaska Native, and non-Hispanic Asian adolescents, Hispanic and non-Hispanic black adolescents were significantly less likely to be vaccinated against measles by 2.9 (95% CI 1.1, 4.7) percentage points. The multivariable analysis segmented the population of adolescents into three groups. However, few significant differences in vaccine-related parental beliefs and no increasing pattern of negative parental beliefs were found across these groups (Table 4) .
DISCUSSION
In the United States in 2013, 7.5% of 19-to 35-monthold children and 4.5% of 13-to 17-year-old adolescents were unvaccinated against measles. Our analyses found that unvaccinated children and adolescents clustered within certain U.S. counties disproportionately with respect to the fraction of the national populations of children and adolescents that those counties represent. Among 210 selected counties representing more than a majority of the U.S. population of children and adolescents, the percentage of children and adolescents unvaccinated against measles was as high as 18.0% and 9.1%, respectively. Additionally, the upper decile of the number of children and adolescents unvaccinated against measles ranged from several tens of thousands to several thousands. Our data and other data 45 highlight appreciable levels of measles susceptibility despite high levels of population immunity to measles nationally, 37, 38 and suggest a substantial risk of large measles outbreaks with the potential for reestablishment of sustained measles transmission in these communities if measles is introduced.
Although the popular media 20, 21 have suggested that parents' decision not to vaccinate their children against measles is a manifestation of the influence from the anti-vaccine movement, our analyses found that (1) the percentage of children who were unvaccinated that was attributable to factors other than parents' negative beliefs about the necessity of vaccines or vaccine refusal was 74.6% and (2) among all children unvaccinated against measles, 89.6% were deemed to have had missed opportunities because they were administered at least one dose of another recommended childhood vaccine after 12 months of age. Also, our study found that among all 19-to 35-month-old children unvaccinated against measles, only 34.6% had a parent who reported refusing vaccine doses. These findings suggest that missed opportunities to vaccinate are the main factor associated with not being vaccinated against measles and support the use of standards of care for pediatric immunization practices recommending that providers review children's vaccination records at every visit to assess the need for catch-up doses of measles and other vaccines. 46 Client reminder and recall systems 47, 48 have been shown to be effective as part of a strategy to administer missed doses of all recommended vaccines.
Children affected by the measles resurgence of the late 1980s and early 1990s were often unvaccinated Recursive partitioning is a multivariable statistical method that creates a decision tree that attempts to classify members of the population based on several independent variables. b n 5 unweighted sample size associated with the listed percentage c Group 1 consists of adolescents who were either non-Hispanic white, American Indian/Alaska Native, or non-Hispanic Asian. d Group 2 consists of adolescents who were either Hispanic, non-Hispanic black, or of another race/ethnicity and lived in a household with an annual income in the first, fourth, or fifth income quintile. e Group 3 consists of adolescents who were either Hispanic, non-Hispanic black, or of another race/ethnicity and lived in a household with an annual income in the second or third income quintile. against measles because of financial or other barriers. 49 Similarly, our data suggest that compared with children who are vaccinated against measles, children who are unvaccinated against measles are significantly less likely to be covered by health insurance. Although children who are not covered by health insurance are entitled to publicly purchased vaccines at no cost from providers enrolled in their state's Vaccines for Children Program (VFC), VFC-entitled children and adolescents are known to live in lower socioeconomic conditions 50, 51 and other barriers to vaccination may remain. 52 Also, we found that a relatively small percentage (5.5%) of children had parents who believed that vaccines are not necessary to protect the health of children. Among those children, a relatively high percentage (33.6%) were unvaccinated against measles, and more than a majority (77.6%) had parents who deliberately refused the administration of vaccine doses for their children and held many unfavorable vaccinerelated beliefs. Special advice is available to vaccination providers for communicating with parents who have unfavorable vaccine-related beliefs. 53, 54 That advice includes listening to parents to understand and address their concerns and making a clear, strong, and unambiguous recommendation to vaccinate. It is especially important to keep the lines of communication open with those parents and to revisit the conversation on subsequent visits, because the majority of children who acquire measles in the United States have parents with unfavorable vaccine-related beliefs. 4, 14, 19 The higher risk may be due to (1) their traveling internationally or having international visitors from countries where measles continues to be endemic and/or (2) their clustering to a greater degree because of shared interests that may include participating in educational, social, and religious events with other children whose parents are like-minded.
Among adolescents, multivariable analysis found that vaccine-related parental beliefs were not independently associated with being unvaccinated, but that being Hispanic or non-Hispanic black was associated with a higher rate of being unvaccinated. These findings support the use of standards of care for pediatric immunization practices 46 recommending that providers review vaccination records at every adolescent visit and provide catch-up doses of measles and other vaccines for the purposes of increasing measles vaccination coverage among adolescents and for decreasing the racial/ethnic disparity our analysis identified.
Limitations
This study was subject to several limitations. First, while all of the annual surveys of the NIS and NIS-Teen used in our study collected data from households with a landline telephone, the 2011-2013 surveys also collected data from households with cell phones. Although the response rates of the telephone portions of the NIS and NIS-Teen can be low, the analysis described in the Appendix shows that NIS and NIS-Teen estimates compare favorably with vaccination coverage estimates from the National Health Interview Survey, which has a response rate of approximately 90%. 55 A further limitation was that some states with large populations (e.g., California) were allocated a disproportionately small percentage of the national NIS and NIS-Teen sample, thereby limiting our ability to obtain precise estimates among some counties where the population is large. A final limitation was that the NIS and NIS-Teen record dates on visits to primary HCPs only for dates on which vaccinations are administered. Other visit dates may have existed for a purpose other than vaccine administration. Because children and adolescents may have been eligible but were not administered routinely recommended vaccine doses at those visits, our estimates of the percentage who had a missed opportunity may be underestimated. However, as our point estimate for that percentage (89.6%) and the upper bound of its 95% CI (93.1%) were very high, the degree to which our statistics underestimated the percentage of children who had a missed opportunity could not be appreciable.
CONCLUSION
Through a successful measles vaccination program, the United States has eliminated year-round endemic measles transmission and the accompanying heavy annual health burden from measles and its complications. 56 However, sustaining elimination requires maintaining high measles vaccine coverage rates, particularly among preschool and school-aged children and among adolescents, to provide sufficiently high population immunity (.93%) to result in herd immunity, 3, 57 which would decrease the risk of measles exposure and afford protection to those who cannot be vaccinated. In 2013, 17 states had ,90% coverage for $1 measles-mumps-rubella dose for 19-to 35-monthold children. 37 Achieving and maintaining very high vaccination coverage for measles in all communities is the most effective strategy to reduce the risk of measles outbreaks and reestablish endemic disease transmission. Approaches to achieving higher vaccine coverage should account for our findings that (1) unvaccinated children and adolescents cluster within certain counties, (2) reasons other than parents' negative vaccine-related beliefs account for the majority of children and adolescents unvaccinated against measles, and (3) most children unvaccinated against measles have been administered doses of other recommended vaccines after 12 months of age. Strategies to address missed opportunities should be addressed.
